O b je ctive : To evaluate epithelial-stromal interactions in the healing of stromal wounds and the relationship of such interactions to regional variations in healing througho u t ke r a t o to my wounds.
NCOMPLETE HEALING of comeal wounds several years after radial keratotomy may be related to re sidual refractive errors and trau matic wound rupture.1,2 In the his tological evaluation of human keratotomy wounds, two healing stages-possibly se quential-healing phases-have been docu mented. 1,3'5 A first stage is characterized by the presence of an epithelial plug in the wound, and a second stage is character ized by complete stromal wound closure with scar tissue orientation parallel to the wound. This organization of the scar may be ineffective for the recovery of tensile strength across the wound. Scar tissue or ganization parallel to the wound has been hypothesized to persist from initial fibro blast orientation and associated collag enous fiber deposition parallel to the epi thelial plug.1,6,7 (Myo) fibroblasts have been suggested to orient parallel to the wound in response to stress forces that may have a pre dominant direction along the wound edges. 8 In two recent studies,1 L ), l° long-term lceratotomy wounds in humans and monkeys showed a regional variation in healing, Col lagenous fibers across anterior regions were found to be continuous with those in lamel lae at the wound edges, resulting in a pseudolamellar, anterior wound repair. Middle and posterior regions displayed a scar tissue orientation parallel to the wound. However, because of the partial pseudolamellar repair, the organization of the scar does not seem to be explained by the current concept that scar tissue organization parallel to the wound results from early cell orientation parallel to the epithelial plug.
To evaluate how the epithelial plug is involved in the formation of the stro mal scar, and to determine factor(s) that contribute to a regional variation in heal ing, we studied the histologic interaction between the epithelium and stroma in hu man keratotomy autopsy specimens.
R E S U L T S
Of the 20 human keratotomy wounds eval uated, all but one contained an epithelial plug, with a mean±SD stromal depth of 12.5%±6.5% (Figure 1 and Table l ).The interface between the plug and the stromal tissue around the entire plug most often had a continuous basement membrane complex withhemidesmosomes and anchoring fibrils 
M ATERIALS A N D METHODS
Ten individual human radial k era to to my autopsy speci mens (Table I ) were received through the San Diego (Calii) Eye Bank. Corneal quadrants intended for light and trans mission electron microscopy were fixed in 2.5% glutaraldehyde or 2 % paraformaldehyde in 0 .1-jxmol/L cacodyl' ate buffer (pH 7.3, 340 mOsm), post fixed in 2% osmium tetroxide in 0.1-fxmol/L cacodylate buffer for 1 hour, de hydrated in a graded series of ethanol and intermediate changes of propylene oxide* and embedded in epoxy resin (Poly bed Epon 812, Poly sciences, Warrington, Pa).
All incisions were divided into central, middle, and pe ripheral portions (for clarity of nomenclature throughout the text, incision depth was subdivided into anterior, middle, and posterior "regions," and incision length was subdivided into central, middle, and peripheral "portions"); l-fjun sections were cut transversely to each of the incision portions. Middle por tions of three wounds were sectioned parallel to the corneal surface (cn face), from the epithelial to the endothelial surface. Sections were stained with Mallory's azure 11-methylene blue, counterstained with basic fuchsin,' 1 and photographed at 150 X magnification (Vanox light microscope, Olympus Optical Co Ltd, Tokyo, Japan). Ultra thin sections were stained with 2% aqueous uranyl acetate, followed by Reynold's lead citrate. Ul~ trathin sections of at least one representative wound of each specimen were placed on slot grids (0 .7% Formvar in ethy lene dichloride, Ernest R. Fullam, Latlian, NY),'1 to allow vi sualization of the entire wound area with a transmission elec tron microscope at 75 kV (HU 11E, Hitachi, Tokyo).
In 20 keratotomy wounds (Table I) , the wound-healing morphological characteristics were evaluated by using the fol io wing parameters: (1) epithelium-presence and dimensions of an epithelial plug; (2) epithelial basement membranemorphological features, duplication, presence of liemidesmosomes, and diameter of anchoring fibrils aiulmierofibrils; (3) Bowman's layer-collagenous fiher diameter; and (4) scar-fibroblast orientation, presence of myofibroblastic char acteristics (bundles of micro filaments, a cortical micro! ila men t network, filaments radiating from the cell membrane, and pres ence of extensive rough endoplasmic reticulum, micro tubules, and the Golgi complex) ,12 presence of cell-cell con tacts bet ween epithelial plug cells and fibroblasts, collagenous fiber diam eter, degree of collagenous fiber continuity across the wound, and presence of remnant basement membrane, Bow man's layer, and/or micro fibrils in deeper scar regions.
To measure incision depth, epithelial plug depth, and thickness of transversely oriented scar tissue underneath the inferior border of the plug, as a percentage of corneal thickness, one line was drawn at the anterior surface of Bow man's layer, and a second line was drawn at the posterior edge of Descemet's membrane in photomicrographs at 250 X magnification.10 Data from the central, middle, and periph eral incision portions were averaged. Ultrastructural measurements were per termed in three adjacent zones that bordered the epithelial plug and in ad jacent control tissue ( Table % through Table 4 ). Zone 1 was defined as asubepithelial plug layer that contained com ponents of the basement membrane and anchoring fibril complex; zone 2 was defined as a layer underneath zone 1 that contained a random fiber organization that re sembled Bowman's layer; and zone 3 was defined as a layer underneath zone 2 * with fiber bundle orientation parallel to the plug (ie, sagittal at the lateral plug borders and transverse or pseudo lamellar at the base of the plug)* Measurements of fiber diameter (ie, the shortest diam eter of cross-sectional fiber contours on ultrastructural micrographs at a final magnification of 113 000X) were performed with a 7X reticle (Bausch <Sr Lomb, Rochester, NY), with a 2 0 -mm metric scale at 0 .1-mm intervals; these mea surements were averaged for each wound (Tables 2 through  4) .0,u The thickness of zones 1 and 2 was measured in five representative areas at a magnification of 20 000 X, by using the 4X4-ctn crosshairs of the eyepiece of the transmission electron microscope, with a 8-cm metric scale at 1-cm inter vals (Tables 2 and 3 ). Ten fiber diameter measurements were tlielial plug and the surface epithelium ( Table 2 ). Thirty mea surements of fiber diameter were taken in zone 2 and in the anatomical Bowman's layer (Table 3) . Thirty fiber diameter measurements were taken in zone 3 and in adjacent control stroma at the same stromal depth (Table 4) .
Cell interaction was defined by direct cell-cell apposi tion of cell membranes. Fibroblasts were disti nguished from epithelial cells by the lack of a basement membrane com plex along the entire cell surface that faced the scar, their dif ferent cell shape and organelles, and their predominantly intrastromal orientation, 5 Cellular interactions between fibroblasts and epithelial plug cells, basement membrane du plication, fibroplasia from the wound edges that extended un derneath the surface epithelium, and basement membrane remnants and micro fibers in deeper scar regions were graded as absent (minus) or present (plus) ( Table 5) .
Statistical analysis was performed by using the paired Student's t Lest. tween focal duplications of the complex, microfibrils and anchoring fibers were visible ( Figure 2 ). Accumulation of both types of fibrils was also seen in typical recesses (ante rior impressions in the "basal" epithelial plug cells) ( Figure  2 ), Clusters of micro fibrils (typically 10 to 50) were visible throughout the scar tissue in the vicinity of the plug (Figure 2 ), but such clusters were also found in deeper scar regions ( Figure 2 and Table 5 ). The basemen t membrane complex was absent in areas where fibroblasts and epithelial cells showed direct cell-cell contacts ( Figure 2 and Table 5 ).
The presence of basement membrane duplication, mi crofibrils, and epithelial anchoring fibrils directly underneath the epithelial plug cells formed a "layer" of extracellular m a trix (HCM) (zone 1, Figure 2 ) with a m eau±SD thickness of 0.2±Q .l jjun ( Table 2) . The m ean±SD diameter of an-
choring fibrils underneath the plug cells (3.8 ± 0 .6 nvn) dif fered significantly from that of adjacent inicrofibrils(12.4±0,6 nml (P<.0 0 IV but not from that nfanchnrint? fibrils under-V / * nm) (P<.001), but not from that ofanchorin nenth the surface epithelium between keratotomy incisions (3.7±0.6 nm) (P > .1 ) ( Table 2 ). Directly underneath zone 1, scar tissue with a random ' organization resembled the normal ultrastructure of Bowman's layer, except for the presence of cells and microfibrils. This layer (zone 2, Figure 2 and itecl collagenous fiber bundles). Zone 2 had a mean± SD thick ness of 1.1 ±0.7 fxm (Table 3 ). The meanrtSD fiber diam eter in zone 2 (22.5 ±2,1 nm) did not differ from that of the anatomical Bowman's layer within the same specimens (22.6±1,2 nm) (? > .l) ( Table 3) . Adjacent to zone 2, the scar tissue was oriented in three directions: along the depth of the wound (sagittal), along the length of the wound (longi tudinal), and across the wound (transverse) (Figure 4) . At the lateral borders of the plug, fibroblasts and collagenous fibers had an orientation in the sagittal-longitudinal plane (Figure 4) . At the base of the plug, cells and fibers showed an orientation in the transversallongitudinal plane (Figures 1 and 3) . Transverse fibers across ARCH 0PMTHALM0L/V0L 113, SEP 1995the wound were found to be continuous with isodirecled, ie, colin ear fibers of one or more lamellae at both of the wound edges (Figure 3) . The thickness of the newly formed fiber bundles varied from approximately 50% to 100% of that of normal lamellae. In en face sections, parallel to the corneal surface, these bundles were often found to be organized obliquely instead of transversely (ie, at a nonpevpendicular angle to the w ound edge [F igure 5]).
Since orientation of fibroblasts appeared to be associ ated with that of the collagenous fibers, the thickness of the transversely oriented scar tissue (parallel to the base of the plug) was measured at the light microscopic level. The mean±SD stromal thickness of this "transversely oriented scar tissue layer" (zone 3, Figures 1 and 3 ) was 6.7%±4.6% of the corneal thickness ( Table 1) . The m can±SD collagcnous fiber diameter in zone. 3 (22.7± L I, nm) did not dif fer significantly from that in the adjacent control stroma (22.8±1.2 nm) (P>. 1) ( Table 4) ; fiber diameter variabil ity, as determined by the SD, was always higher in zone 3 (range, 3.7 to 9.4 nm) than in the adjacent control stroma (range, 1.3 to 2.7 nm.) ( Table 4 ). Scar regions underneath zone 3 (Figures 1 and 3) show ed a longitudinal and sagit tal collagenous fiber orientation and large accumulations of amorphous ECM; transverse fibers were generally absent.
The ultrastructure of zones 1 through 3, at the inter face of the epithelial plug and the stroma, appeared to be simi lar underneath plugs at various stromal depths within the same or among different specimens. Postoperative time did not correlate with epithelial ping depth or thickness o f pseu do lamellar repair. Only in the specimen that contained in cisions at 3.5 m onths postoperatively did the w ounds show activated fibroblasts. The other specimens had varying de grees of hypocellulari ty o f the sears, with a quiescen t appear ance of the fibroblasts underneath the epithelial plug.
Underneath the surface epithelium, duplication of the epithelial basement m em brane was seen in six specimens (60%) (Figure 6 and Table 5 ). Fibroplasia (ie, stromal tis sue proliferation through the gap in Bowman's layer) was not seen in any o f the specimens ('Fable 5).
C O M M E N T
The process of epithelial plug elimination in unsutured wounds has been studied in rabbits/ 1,1 Because of the lack of Bowman's layer, the tendency of the incised stroma to stretch, and an approxim ation toward anatomical wound restoration, long-term healing in these animals may not be representative of that in hum ans. u,Hr,,tU0 Healing in m on keys may better compare with that in humans. In two re cent studies morphological features of unsutu red wounds in hum ans and m onkeys were found to vary over the entire wound depLh. Anterior regions showed a pseudolamellar res toration, whereas the middle to posterior regions were found to be disorganized. It was hypothesized that regional varia tions in healing may result from differences in healing rates throughout the wound, from mechanical or biochemical fac tors associated with epithelial plug elimination, or from dif ferent intrinsic healing properties among stromal layers/ 1 hr the present study, the stromal-healing response to an epi thelial plug was compared between the anterior (wounds with superficial plugs) and the middle and posterior stroma (wounds with deep plugs), to analyze the epitheliaI-slrom.nl interface and to determine how an asymmetrical organiza tion of the scar in unsutured w ounds is established. All human keratotomy specimens showed three subepithelial zones by which the scar tissue that immediately surrounded the plug was characterized, irrespective of the stromal depth of the plug. A first zone that contained du plication of the basement membrane ( Figure 2 ) has been sug gested to result from the retention of the epithelium within the wound,5,16,21 since duplication of the basement membrane was found in a variety of pathological conditions and with increasing age.22,23 It is unknow n how the continuous, cen tripetal epithelial movem ent24 is affected by the presence of an incision(s); that is, do limbal epithelial cells enter the pe ripheral end of a radial incision to move the bottom of that incision toward the center, or does the epithelial sheet move over the incision at the level of Bowman's layer? A disrup tion of the epithelial movemenL with incomplete replace ment of the cells within the w ound could also relate to an altered basement m em brane deposition.
Micro fibrils that were adjacent to the epithelial plug in abundant clusters (Figure 2 ) may morphologically resemble preelastic, oxytalan fibrils. 23, 26 In the developing cornea, mi crofibrils are located in the stroma, suggesting the produc tion of these fibrils by fibroblasts. 27 The fibrils are relatively sparse in the adult, but are com m on in pathological condi tions that involve scar tissue formation underneath the sur face epithelium (eg, keratoconus and Fuchs' endothelial dy s trophy) .26,28 In our study, the presence of microfibrils and anchoring fibrils over focal, duplicated (or remnant) basement membrane29 may suggest ECM deposition over the basement membrane and subsequent formation of a new basement membrane over this ECM by epithelial cells.2{' Ex tracellular matrix deposi tion by fibroblasts would be expected to occur underneath instead of onto the basement membrane; in areas with direct contact between epithelial and stromal cells, the basement membrane was always absent (Figure  2 ), An epithelial cell response to surgical wounding was also suggested by basement membrane duplication underneath the surface epithelium in areas between wounds ( Figure 6 ) . 5, 21 However, this duplication, may have been preexistent or in duced by surgical manipulation of the w ound edges. 1, 30 Underneath the first zone, a second zone contained a random fiber structure that resembled the anatomical Bow man's layer (Figures 2 and 3) . The presence of cells and their close interaction with micro fibrils suggested that this 
Transmission electron microscopy of the characteristic features of zones 1 and 2 (specimens 3 [A], 7 [B], 2 [C ], 2 [D ], 6 [E ], and 5 [F]). A , The epithelial plug (EP) is bordered by a basement membrane complex with hemidesmosomes (asterisks), anchoring fibers (small arrowheads), and mi crofibrils (large arrowhead), The complex shows duplication and can be distin guished from the adjacent scar tissue (zone 1, arrows). B, Within a typical epithelial "recess," accumulation of hemidesmosomes (asterisk), anchoring fibers (small arrowheads) and microlibrils (large arrowhead) can be seen. C, Direct ceil-cell contact (small arrows) is visible between a fibroblast (FB) and an EP cell. Note that a basement membrane complex is present underneath the EP cell, but not underneath the FB cell membrane facing the scan Under neath the basement membrane and throughout the adjacent scar tissue, clus ters of microfibrils (arrowheads) are visible. D, A cluster of microfibrils is seen in deeper scar regions underneath the EP. E and F, Adjacent to the lateral bor der of the EP, in between zone 1 (1) and the anatomical Bowman's layer (BL, small arrows) and a stromal lamella (LA), a scar tissue layer (zone 2 [2]) can be seen with a B U ik e random fiber organization (uranyl acetate-lead citrate, X 3 9 0 0 0 [A ], x 43000 [B], x 5 2 5 0 0 [C ], x 1 0 1 0 0 0 [D ], a n d x 3 4 0 0 0 [E t F]).
zone of fibrous tissue had replaced epithelial cells of the plug or their basement membrane meshwork, and that it formed a transition zone between the epithelium and the underlying scar tissue that was organized parallel to the plug.
A transverse scar tissue orientation at the base of the plug in the present study (Figures 1 and 3 ) may resemble the previously described9 subepithelial pseudolamellar re pair in the anterior regions of completely healed keratotomy wounds. Furthermore, in a re cent monkey study,31 the former presence of an epithelial plug in unsutured wounds appar ently resulted in an initial transverse scar tissue orientation over the entire wound depth, whereas the scar was disor ganized in early sutured wounds. These observations sug gest that transverse scar tissue organization is induced by (factors related to) the epithelial plug. To what extent can the epithelium direct fibroblast and associated collagen fi ber orientation?
Fetal chick epithelium (ectoderm) may produce an acellular "primary stroma" that serves as a directional membrane for neuroectodermal fibroblast invasion. 32 ..
• y * i' phases of development, these fibroblasts may deposit col lagen onto the primary fibers to form a "secondary stroma. "n In vertebrates, the primary stroma may have a limited ca pacity to serve as a directional membrane for lamellar fibro blast organization.32,34 Although a recapitulation of fetal tis- sue conditions has been docum ented13,i!S in healing wounds, the role of epithelial ECM deposition in fibroblast direction maybe uncertain. However, theborders of the epithelial plug may be expected to serve as a "new corneal surface'1 for template-depending fibroblasts,4*7,3037 If so, the capacity of the plug to induce fibroblast orientation parallel to its in ferior border may result in a pseudolame liar sear tissue or ganization across the wound. Apparently, induction of trans versely oriented scar tissue by the plug is limited to the area directly underneath the plug, since deeper regions contained a sagiLtal scar tissue organization. Alternatively, (myo)fibroblasts may orient according to stress lines within the tissue.8,12,1(1 In keratotomy wounds in cats, myofibroblasts had an orientation parallel to the cor neal surface, but not necessarily across the wound.3U In kera totomy wounds in rabbits, myofibroblasts showed a reorirom a ra the wound.H It was hypothesized that the stress forces along the wound exceeded those across the wound, so that the cells reoriented along the wound. In the present study, the ori entation of subenithelial fibroblasts and codirected collag enous fibers parallel to the corneal surface but at variable ARCH OIM'lTHAl-MOIVVOl, 113, SUP 1905 angles to the w ound edge ( Figure 5 ) may therefore suggest that the major stress forces were directed in the transversallongitudinal corneal plane (Figure 4) . If so, the stress forces apparently concentrate in the area directly underneath the epithelial plug, because the scar tissue in deeper wound re gions had a sagittal orientation and seemed therefore not to besubjected to or organized by stress forces across the wound.
Apart from its causative factors, the presence of a thin layer of subepithelial pseudolamellar repair at a given stromal depth may be expected to have an effect on the stress-bear ing qualities of an individual w ound.39,40 These properties may be hypothesized to vary w ith the depth of the epithe lial plug and the thickness of the layer of pseudolamellar re pair: the more anterior the pseudolamellar repair, the more wound stability; and the thicker the pseudolamellar repair, the more wound strength. Extreme individual wound-healing responses,4,5 eg, a thick pseudolamellar layer underneath a superficial epithelial plug, may clinically result in less refrac tive effect (ie, undercorrection), and a thin layer underneath a deep plug may resul t in more effect ancl refractive insta bility (ie, overcorrection or fluctuation in visual acuity). Be cause incision depth, the depth of the plug, and the thick ness of the pseudolamellar repair varied among the incisions within the same specimens, each of the incisions may have had a different contribution to the refractive effect.
The presence of transversely oriented scar tissue directly underneath the epithelial plug, but not in deeper scar regions, indicated that the healing of unsuturecl wounds is charac terized by a regional variation in healing. Since pseudo lamellar repair was found underneath plugs at different stromal levels, asymmetry of the scar appeared to be inde pendent of the presence and the depth of a plug. Epithelial plug(s) at a variable stromal depth and associated pseudolamellar repair of van able thickness may affect the biomechani cal response of the cornea following radial keratotomy, and the response may change during elimination of the plug(s) from the wound(s) or during scar remodeling.
